Nanocrystal-(Ti,Al) x N 1−x /amorphous-Si y N 1−y nanolaminate films were deposited periodically under different nitrogen flow rates. The composition, microstructure and mechanical properties of nanolaminate films were investigated by x-ray photoelectron spectroscope, x-ray diffractometer, scanning and transmission electron microscopy, atomic force microscope, and nanoindentation apparatus. Results indicated that the formation of the compound on the target surface was substantially influenced by the deposition rate, composition and crystallite size of the nanolaminate films. Nanolaminate structure with periodic compositional modulation and sharp interfaces were deposited at different nitrogen flow rate. Smaller nanocrystallite size, round-shaped grain features, smoother surface morphology, higher hardness, and reduced elastic modulus were obtained for nanolaminate films with increasing the nitrogen flow rate.
I. INTRODUCTION
In 1970, Koehler 1 first theoretically proposed a method of enhancing the strength of materials using a laminate structure of thin layer of two metals, A and B with different shear modulus. The enhanced strength would result because of image forces that would retard dislocation generation and mobility. Vepřek et al. 2, 3 proposed a new superhard coating with nanocrystalline/ amorphous (nc/a) structure, which has shown a considerable strength enhancement as compared with both elemental materials. Results indicated that the strengthening mechanism of nanocrystalline/amorphous composite films was the dislocation pinning. Bull et al. 4 investigated the multilayer coatings for improved performance and revealed that the introduction of a number of interfaces parallel to the substrate surface can act to deflect cracks and dissipate energy as well as provide barriers to dislocation motion. For layer thickness in nanoscale, dislocation generation mechanisms could not operate in a given layer. These effects would increase the toughness and hardness of the film materials.
There are different theoretical explanations for the observed strength enhancement in nanostructure. Shih et al. 5 investigated the hardness of Ti/Ti-N, Hf/Hf-N, and W/W-N multilayer films and reported that the major factor for the increase of hardness of multilayer films was due to the small grain-size effect by artificially making each individual layer thin. It had already been realized that materials with a smaller grain size has a higher strength. This is now well understood in terms of the Hall-Petch model.
Xu et al. 6 investigated the microstructure and mechanical properties of TaN/TiN and TaWN/TiN superlattice films and showed that the lattice mismatch affected the microhardness value. The inhibition of dislocation motion by alternating stress fields of interfacial coherent strain was the reason for hardness anomalies. Similar observation of hardness effect with coherent strain was also reported on TiN/CrN, TiN/ZrN, and TiN/ TaN multilayers. 7 Some dramatic changes in hardness over a relatively narrow range in multilayer period thickness have been attributed to the supermodulus effect. 8 One possible explanation for supermodulus effect was based on the Fermi surface-Brillouin zone interaction. 9 An interaction of Fermi surface with this new Brillouin zone can result in an enhancement of the stiffness due to the change of the electronic structure.
Novel cutting tool materials with nanocrystal-(Ti,Al) x N 1−x /amorphous-Si y N 1−y [nc-(Ti,Al) x N 1−x /aSi y N 1−y ] nanolaminate films were studied previously. Results indicated that a maximum hardness of 35 GPa was obtained as the thickness of multilayer period () ‫ס‬ 25 nm. This value exhibited a substantial increase in hardness by 30%, 84%, and 133% over the monolayer nc-(Ti,Al) x N 1−x /a-Si y N 1−y composite films (27 GPa), monolayer nc-(Ti,Al) x N 1−x (19 GPa) and monolayer a-Si y N 1−y films (15 GPa), respectively. To further investigate the effects of deposition parameters on the deposition rate, composition, microstructure, and mechanical properties of nanolaminate films, the various nitrogen flow rates were explored.
II. EXPERIMENTAL PROCEDURE

A. Synthesis
Nanocrystal-(Ti,Al) x N 1−x /amorphous-Si y N 1−y nanolaminate films were deposited from Ti-Al alloy (50/50 at.%, 99.99% purity, 7.62 cm diameter, 0.64 cm thickness, Plasmaterials Inc., Livermore, CA) and Si targets (99.999% purity, 7.62 cm diameter, 0.64 cm thickness, SCI Engineered Materials Inc., Columbus, OH) by alternating covering shutters. The thickness ratio of the nc-(Ti,Al) x N 1−x layer to the a-Si y N 1−y layer is 1:1, and the multilayer period ‫ס‬ 25 nm. To enhance the adhesion, the TiAl films were deposited on substrates as interlayers prior to each deposition. The sputtering was conducted in a mixed Ar-N 2 atmosphere with a target-to-substrate distance of 5 cm. A cryo-pump coupled with a rotary pump was used to achieve an ultimate pressure of 2.7 × 10 −4 Pa before introducing gas mixtures of argon and nitrogen. The targets were firstly presputtered at 0.8 Pa for 10 min in Ar for cleaning. The deposition conditions were presented in Table I . Deposited samples were cooled down to room temperature in a vacuum before venting the system.
B. Characterization
The film thickness was examined by a scanning electron microscope (SEM; XL-40FEG, Philips, Eindhoven, The Netherlands). An x-ray photoelectron spectroscope (XPS; VG Scientific 210, West Sussex, UK) was used to investigate the composition of the films. The sample was pre-sputtered for 10 min by Ar ion source with 4 keV and 8 mA to remove the surface contamination and oxide layer. The XPS spectra were fitted using a nonlinear least squares fit with a Gaussian/Lorentzian peak shape. The phases, textures, crystallite size, and reflectivity of the nanolaminate films were determined by x-ray diffraction using Cu K ␣ radiation (XRD; Rigaku D/MAX2500, Tokyo, Japan). The microstructure was investigated by field-emission gun transmission electron microscopy (FEG-TEM; Hitachi Model HF-2000, Tokyo, Japan). An atomic force microscope (AFM; Digital Instruments Inc., NanoScope, Santa Barbara, CA) was used to observe the surface morphology.
The hardness and reduced elastic modulus of films were evaluated by a Hysitron nanoindentation apparatus interfaced with a Digital Nanoscope II AFM (Digital Instruments Inc., NanoScope, CA). An indenter with a three-faced pyramidal diamond tip was punched on the film surface. The indentation depth was less than 10% of the film thickness to reduce the effects of substrate.
III. RESULTS AND DISCUSSION
A. Deposition rate
The deposition rate of monolayer (Ti,Al) x N 1−x and Si y N 1−y films is plotted versus nitrogen flow rate, as illustrated in Fig. 1 . The results revealed that the deposition rate of both films initially decreased dramatically and then slowly with increasing nitrogen flow rate. The main reason for the initially radical drop in deposition rate is due to the formation of a ceramic compound on the target surface (target poisoning) since the sputtering yield of nitride is much smaller than that of pure metal. [10] [11] [12] In addition, increase of nitrogen partial pressure or decrease in partial pressure of Ar would decrease the overall sputtering yield of target, and cause a gradual decrease of deposition rate in the latter stage.
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B. Chemical composition
The quantitative XPS analysis of monolayer (Ti,Al) x N 1−x and monolayer Si y N 1−y films with different nitrogen flow rates is shown in Fig. 2. From Fig. 2(a) , the content of N increased while the contents of Ti and Al decreased at a low nitrogen flow rate. The variation of oxygen content was opposite that of nitrogen content. A constant chemical composition was obtained as nitrogen flow rate exceeded 10 ml/min. The composition analysis of monolayer Si y N 1−y films is shown in Fig. 2(b) . Results indicated that the content of N increased while the content of Si decreased at a low nitrogen flow rate and a constant chemical composition with nitrogen flow rate exceeded 20 ml/min was observed. The variation of oxygen content with nitrogen flow rate was opposite to that of nitrogen content.
Sundgren et al. 13 investigated the mechanism of reactive sputtering of TiN and TiC, and reported that the behavior of the film composition varied as a function of the partial pressure of the reactive gas. In reactive sputtering, it was necessary to understand the chemisorption processes occurring both at the substrate surface and target surface. The amount of reactive constituents incorporated into the growing films depended on whether a compound had been formed on the target surface. At low nitrogen partial pressures the incorporation of reactive gas followed an adsorption isotherm similar to the Langmuir adsorption isotherm, and very low values of the sticking probability were observed. Thus, no compound was formed on the target surface. The composition of the growing films was mainly governed by the direct impingement of species from the reactive gas and the target. When the partial pressure of the reactive gas became sufficiently high, a reaction started at the target surface. The reactivity was low for N 2 impinging directly from the gas on the growing film, and the species originating from the target determined the composition of the coatings.
However, from another angle of view, at a low nitrogen content, nitrogen could be too low to form SiN x and TiAlN x ; thus no much nitrogen can be found. While there is a saturated value of nitrogen gas, above that addition of more nitrogen gas, the nitrogen cannot enter into lattice; thus N contents on the films should remain stable.
From the results of Fig. 2 , both nc-(Ti,Al) x N 1−x and (a-Si y N 1−y ) films were nonstoichiometric. The ultimate pressure attained in the present work is approximately 2.7 × 10 −4 Pa. There is possibility for the films to be contaminated with oxygen. The peak fitted XPS Ti2p spectra for the monolayer (Ti,Al) x N 1−x , and that of Si2p spectra for the monolayer Si y N 1−y films deposited at nitrogen flow rate of 10 ml/min are shown in Fig. 3. [The Al2p region for (Ti,Al) x N 1−x is not shown due to the very small chemical shift between Al 2 O 3 and TiAlN]. The graphic showed two envelopes corresponding to the spinorbit splitting 2p 1/2 (right) and 2p 3/2 (left), with a band shift of about 5.6-5.7eV, in good agreement with literature. 14 In Fig. 3(a) , peak 1 of the (Ti,Al) x N 1−x sample is attributed to Ti-O bonding. Peak 2 is attributed to Ti-O-N intermediate phase bonding and peak 3 to T-N bonding. [15] [16] [17] From the Fig. 3(b) , peak 1 of the a-Si y N 1−y sample is attributable to Si-O bonding, and peak 2 is attributable to Si-N bonding. 18 The formation of oxide and oxynitride could be the reason that the both nc-(Ti,Al) x N 1-x and (a-Si y N 1−y ) films were nonstoichiometric. 19, 20 According to the Bragg's law, the lattice parameter calculated from the angles with different nitrogen flow rates (Fig. 4) was 0.414 nm, with only 0.9% deviation. This value is similar to that of Ti-Al-N films previously reported by Hakasson and Sundgren. 20 No peak was observed for crystalline Si y N 1−y phase. It suggested that Si y N 1−y phase formed as amorphous structure.
In addition, the line broadening with increasing nitrogen flow rate could be observed from the XRD spectra (Fig.4) . Liu et al. 21 investigated the effects of amorphous matrix on the grain growth kinetics in two-phase nanostructured films. Results indicated that the grain size and the kinetic growth exponent decreased with increasing the volume of fraction of the amorphous Si 3 N 4 contents. The XRD peaks broadening may derive from very fine grain size. The crystallite size of films was calculated by the Scherrer formula 22 from the integral width of (220) Bragg reflection. The calculated results indicated that the crystallite size invariably decreased with increasing nitrogen flow rate. The grain size varied from 4.0 to 2.6 nm as nitrogen flow rate varied from 10 to 50 ml/min, respectively. It was previously mentioned that the formation of a compound on the target not only led to a reduction in the deposition rate but also influenced the growth of the film itself. Sundgren et al. 13 investigated the morphology and structure of reactive sputtering of TiN and TiC, and reported that the flux of species from the target during reactive sputtering was composed of metal atoms, atoms of the reactive gas and molecules of the compound formed at the target surface. Molecular fractions from the target had a mobility lower than atoms, and the resulting film had smaller grain size. Coburn et al. 23 reported that the amount of sputtered molecules may exceed that of sputtered atoms when a compound target is sputtered. Therefore, the formation of a ceramic compound on target surface with increasing nitrogen flow rate caused the sputtered molecules to exceed that of sputtered atoms, and then the crystallite size of nanolaminate films decreased.
To directly observe the microstructure of the nanolaminate, TEM analyses were utilized. Figure 5 shows the typical dark field plan-view image of TEM with corresponding selected area diffraction pattern, and highresolution image for nc-(Ti,Al) x N 1−x /a-Si y N 1−y nanolaminate films deposited at nitrogen flow rate of 30 ml/ min. Single phase of NaCl structure with no any other crystalline phases was found. A diffraction ring with (111), (200), (220), and (311) of face-centered-cubic (fcc) (Ti,Al) x N 1−x structure was in agreement with the XRD results shown in Fig. 4 . The plan-view image depicted the morphology of grains that approached a round shape and grain size about 3-4 nm. A typical TEM micrograph of cross-section for nc-(Ti,Al) x N 1−x /a-Si y N 1−y nanolaminate films deposited at nitrogen flow rate of 10 ml/min is shown in Fig. 6 . The cross-section images showed that nanolaminate films were periodic with compositional modulation. The periodic contrast was 25 nm in agreement with multilayer period thickness, and no obviously structural contrast was found. The dark area image of nanolaminate structure was assigned to be (Ti,Al) x N 1−x due to its higher average atomic number. Mirkarimi et al. 24 investigated the enhanced hardness in lattice-matched single-crystal TiN/V 0.6 Nb 0.4 N superlattices. Results revealed that the alloy layers appear darker in the image of nanolaminate due to the higher average atomic number. Similar observation from cross-section TEM micrograph was also reported for TiN/NbN superlattices. 25 The pronounced contrast differences between the layers indicated the presence of a strong composition modulation.
The low-angle x-ray diffraction can provide interface state of short-period multilayer films. 7, 26 It was reported previously that provided sharp interfaces between layers could inhibit dislocation motion. x-ray reflection from the interface between layers. It is suggested that the interface of all nc-(Ti,Al) x N 1−x /aSi y N 1−y nanolaminate films deposited with different nitrogen flow rates were sharp. Figure 8 shows AFM images of nc-(Ti,Al) x N 1−x /aSi y N 1−y nanolaminate films with different nitrogen flow rates. Results indicated that the surface morphology of conical features became flatter and denser with the increase of nitrogen flow rate. Results also indicated that the roughness decreased with increasing nitrogen flow rate, probably due to the corresponding decrease of the grain size (Fig. 4) . 27, 28 Similar results were reported by Chakrabarti et al., 29 who investigated the effects of nitrogen flow rate on the growth morphology of TiAlN. Figure 9 shows a typical nanoindentation loading/ unloading curve for nc-(Ti,Al) x N 1−x /a-Si y N 1−y nanolaminate films deposited at nitrogen flow rates of 10 and 50 ml/min. The elastic response was higher than the plastic response for both films. The displacement after the removal of the load was less than that at the maximum load due to the elastic recovery of the deposited specimens. The elastic recovery could be attributed to the recovery of discrete slip bands during unloading. 30, 31 The elastic recovery of the nanolaminate film with 50 ml/min nitrogen flow rate was larger than that of sample with 10 ml/min nitrogen flow rate. The larger elastic recovery suggested that the film had lower residual indent depth. For a fixed indentation load, the lower residual indent depth could be ascribed to the film with higher hardness.
D. Mechanical properties
A quantitative determination of hardness (H) and reduced elastic modulus (E r ) can be calculated according to Oliver and Pharr's method. 32 Figure 10 shows the hardness and reduced elastic modulus of nc-(Ti,Al) x N 1−x /aSi y N 1−y nanolaminate films with different nitrogen flow rates. Results indicated that the hardness and reduced elastic modulus both increased with the increase of nitrogen flow rate. The increase in hardness with increasing the nitrogen flow rate was due to the decrease of crystallite size (Hall-Petch relation). 
IV. CONCLUSION
The formation of compound on the target surface with increasing the nitrogen flow rate not only led to a reduction in deposition rate but also influenced the composition and crystallite size of the film.
The content of N increased at a low nitrogen flow rate due to the increase in direct impingement of species from the gas. The composition approached constant due to the formation of a compound on the target surface, and target determined the composition of the coatings.
Nanolaminate structure with periodic compositional modulation and sharp interfaces were deposited at different nitrogen flow rate. Smaller nanocrystallite sizes, round-shaped grain features, smoother surface morphology, higher hardness, and reduced elastic modulus were obtained for nanolaminate films with the increase of the nitrogen flow rate.
